Non-invasive in vivo imaging of transgene expression is currently providing very important means to optimize gene therapy regimes. Results in non-human primates are considered the most predictive models for the outcome in patients. In this study, we have documented that tumour and primary cell lines from human and non-human primates are comparably gene-transduced in vitro by serotype 5 adenovirus expressing HSV1-thymidine kinase. Transgene expression can be quantified in human and monkey cultured cells by positron emission tomography (PET) imaging when transduced cells are incubated with a fluoride-18 labelled penciclovir analogue. In our hands, PET images of cell cultures estimate the number of transduced cells rather than intensity of transgene expression once a threshold of TK per cell is reached. Interestingly, in vivo systemic administration of a clinical grade recombinant adenovirus expressing TK into macaques gives rise to an intense retention of the radiotracer in the liver parenchyma, providing an experimental system to visualize transgene expression that ought to be similar in human and macaques. Such imaging methodology might contribute to improve strategies based on adenoviral vectors.
Introduction
Systemic injection of adenovirus has an excellent tropism towards hepatocytes. This can be exploited to target adenoviral-based vectors to this organ, as has been extensively documented in mouse models. 1, 2 Adenoviruses provide the basis for various gene therapy vectors and applications in cancer and other diseases. 3, 4 Unfortunately, the immune response elicited by the vectors prevents secondary administration thus greatly hampering efficacy.
Imaging techniques that monitor the tissues and cells infected by viral vectors or actively transcribed therapeutic genes are much needed to interpret the observed biological effects or, more importantly, the lack of them. There are various gene imaging approaches to assess transgene expression following gene therapy. Measurements can be attained by different techniques, such as scintigraphy, magnetic resonance, ultrasound, bioluminescence or positron emission tomography (PET) imaging, with specific potential for different clinical applications. [5] [6] [7] In most instances, reporter genes whose function provides signal must be engineered to have behaviour similar to that of the therapeutic gene. Robust quantitative parameters allowing comparative studies would be very helpful.
For instance, in a clinical trial testing intratumour administration of a first-generation recombinant adenovirus encoding thymidine kinase (AdCMVHSV1-tk) in human patients suffering hepatocellular carcinoma, we were able to document HSV1-tk expression by means of PET. 8, 9 This technique is based on the injection of a PETspecific reporter probe (namely [ 10 which when phosphorylated by thymidine kinase (TK) becomes retained intracellularly. The study also concluded that the readministration of the vector to the patients failed to achieve transgene expression in the tumour, although measurable expression inside the tumour lesion could be measured following the first injection.
Macaques are non-human primates that are considered useful models for their resemblance to humans. In this study, we found that malignant and non-malignant cells from human and non-human primates express TK after transduction with Ad-CMVHSV1-tk in a manner detectable with the PET technique. Systemic administration of AdCMVHSV1-tk to non-human primates leads to transgene expression in the liver parenchyma, which can be visualized and quantified by PET.
Results and discussion
MicroPET quantitative detection of TK transduction in macaque and human primary cells
The AdCMVHSV1-tk has been used with a therapeutic purpose in human cancer patients, as TK can activate a prodrug (ganciclovir) to become cytotoxic. In addition, this agent has permitted the imaging of transgene expression in the tumour tissue using a radiotracer [ 18 F]FHBG, which is phosphorylated by the TK transgene.
11,12 First, we checked in human and monkey cells that the system permitted PET imaging in a quantitative fashion.
Primary dermal fibroblasts were cultured from the skin of healthy human subjects and macaques. To compare in vitro gene transduction with a serotype 5 first-generation recombinant adenovirus (AdCMVHSV1-tk), a side-by-side comparison was performed by using immunostaining of intracellular TK analyzed by a sensitive fluorescence-activated cell sorting (FACS) technique ( Figure 1a, left panel) . According to these data, fibroblasts of both species became productively transduced when the cultures were analyzed 48 h after transfection at 100 MOI (multiplicity of infection).
To estimate the minimal number of gene-transduced cells that can be observed by PET, serial dilutions of human cultured fibroblasts expressing TK were plated in 96-well plates after 75 min of incubation with [ These results are important to interpret PET images and suggest that once enough enzyme content is produced in the cell, the limiting factor in the labelling process is tracer intake into the cells. Tracer uptake is postulated to be actively mediated by nucleoside transporters and deserves closer attention if the PET technique is to be optimized.
Comparable transduction in human and non-human primates supports the suitability of non-human primate modelling to predict transgene expression in patients undergoing gene therapy. The quantitative nature of the technology is an important issue because it will allow stepwise analyses to be made, and thus vectors, vector delivery or vector immunogenicity to be improved.
Overall, the images in Figure 1 also suggest that this reporter gene methodology constitutes a sensitive and practical system and may prove a useful tool for gene therapy development. [13] [14] [15] Indeed, if such transduced cells were injected into an organism at a similar density, they would provide an image reflecting organ distribution and cell viability. Accordingly, this scheme could be helpful in monitoring experimental cell therapy with primary cultures, while providing a suicide transgene to eliminate the transduced cells in case it were needed. Importantly, the density of cells giving a signal is in the range of tissues subjected to PET imaging. However, signals detected in vitro versus in vivo could be very different due to the in vivo environment, because the tracer would have to pass through several body compartments before entering the cell. We are currently planning to perform these cell therapy tracking experiments with autologous cells both in rodents and in monkeys. In addition, we are exploring the precise relation between transduced cells and their PET signal, as they undergo different sorts of cellular death.
In vivo images of liver TK gene transfer in non-human primates
Systemic delivery of adenoviral vectors preferentially transduces liver cells. 2, 16 Using young adult macaques, Figure 1 Positron emission tomography (PET) imaging of primary and tumour cells transduced by AdCMVHSV1-tk in culture. In these experiments, 1.5 Â 10 5 cells were plated onto individual wells of a 12-well flat-bottomed culture plate to be infected with clinical grade AdCMVHSV1-tk and cultured for 48 h. The recombinant replication-defective adenovirus carrying herpes simplex virus tk gene under the control of CMV promoter was constructed as described by Peñ uelas et al. 8 Expression was monitored by fluorescence-activated cell sorting (FACS) immunostaining, immunoblot and Mosaic MicroPET (Philips Medical System, Cleveland, OH, USA) with intensity graded according to the colour scale flanking each PET image. (a) Fibroblasts from human and monkey skin were transduced with AdCMVHSV1-tk at 100 MOI (multiplicity of infection). Forty-eight hours after the infection, cells were collected and the percentage of cells expressing TK was measured by flow cytometry after intracellular immunostaining with a polyclonal rabbit anti-TK antibody. Cells were first processed with the Fix and Perm kit (BD Biosciences, Erembodegem, Belgium) according to the manufacturer's instructions and then incubated (10 min at 4 1C) with a mixture of Beriglobin (100 mg ml À1 ) (to block nonspecific binding) and polyclonal rabbit anti-TK sera (1:500) (provided by Dr WC Summers, Yale University). After being washed twice, cells were stained with rat anti-rabbit IgG-FITC antibody (1:100) (Jackson ImmunoResearch Laboratories Europe Ltd., Suffolk, UK). All antibody solutions were made in PermWash solution (BD Biosciences). Cells were acquired (10 000 events per sample) in a FACSCalibur cytometer (BD Biosciences). Analysis was performed using FlowJo software (Tree Star, Ashland, OR, USA). In the left panel, bars represent the percentage of cells transduced in two independent experiments on monkey (MF) and human fibroblasts from two distinct donors (HF-1 and HF-2). Macaque fibroblasts were taken in a surgical biopsy and propagated as the human counterparts in DMEM 10% fetal calf serum. In the middle panel, PET images of culture plates containing serial dilutions of human fibroblasts transduced with AdCMVHSV1-tk at 100 MOI are shown. For this purpose, 48 h after infection, cells were harvested and counted. One aliquot was used to determine the percentage of cells expressing TK (immunostaining) and the remaining cells were incubated with Quantitative PET transgene imaging in primates A Fontanellas et al we analyzed the behaviour of the radiotracer [
18 F]FHBG studying the distribution and curves of elimination. The main sources of radioactivity corresponded to the biliary route, the urinary bladder and the intestine. This confirmed kidney and biliary excretion of the compound. Without gene transfer, the liver parenchyma showed a baseline signal that was transient and dim but visible (Figure 2a, control) . We interpret as the result of the physiological hepatic transport of the tracer into the bile route. 9, 13, 17 In marked contrast, administration of 1.2 Â 10 12 viral particles intravenously of clinical grade AdCMVHSV1-tk 2 days prior to PET imaging gave rise to clear images of the liver parenchyma, which are visualized in several Figure 2 Quantitative PET transgene imaging in primates A Fontanellas et al planes as well as in a summed reconstruction of the different sections (stack image). Indeed, time course analysis of the radioactivity concentration in the liver region showed solid evidence for transgenedependent retention up to 6 h after injection of the radioactive tracer (data not shown). These experiments were performed in three macaques with similar results (Figure 2b ). As can be seen, there were individual differences that might reflect genetic heterogeneity between animals. The presence of preexisting neutralizing antibodies was ruled out in every case (data not shown).
It is curious that the right lobe of the liver seems to undergo more gene transduction by our adenoviral vector (Figure 2a, transaxial and coronal sections) . This phenomenon was observed in all the three cases ( Figure  2c ). Although there is no clear reason for such local heterogeneity in gene transduction to the liver, this might be related to differential blood perfusion to the different regions or to regional heterogeneity in Kupffer cellmediated capture/destruction of adenoviral particles. Nonetheless, all parts of the liver harboured transduced cells; and although regional differences were statistically significant, they were not considered quantitatively important. Further studies involving liver biopsies and TK immunostaining will be needed to offer definitive proof for regional differences. In any case, evidence for healthy liver parenchyma gene transfer has therapeutic implications for the use of gutless adenoviruses to treat primary or metastatic liver cancer as well as for the correction of liver metabolic diseases. 18 These findings demonstrate for the first time the real possibility of serial gene expression imaging in nonhuman primates using viral vectors in a useful manner for gene therapy development. 19 Images can even be compiled in three-dimensional rotating reconstructions (Supplementary online material). Comparative studies should appraise the advantages and disadvantages of the TK PET reporter gene in comparison with other molecularly defined reporter systems such as dopamine D2 and Na/I symporter. 20, 21 Non-human primates constitute the best model for predicting outcomes in humans. The TK reporter gene can provide a means to study the intensity of expression and anatomical localization. In monkey studies, this system could be useful for multiple viral and non-viral methods of gene transfer, and the information obtained can identify and avoid problems once clinical trials have begun. In particular, with regard to adenovirus-related vectors, we are in the process of applying the technology to study re-administration under immunosuppression and the behaviour of both oncolytic adenovirus and gutless adenovirus, and to monitor gene expression intensity and duration.
The utility of the technique is clearly supported by human patients who were injected intratumourally in whom the retention of phosphorylated [ 18 F]FHBG was found restricted to hepatocellular carcinoma lesions, thus providing a safety feature for suicide gene therapy. It should be noted that the systemic adenovirus spilled from the intratumour injection could be too low to provide gene transfer of the healthy liver parenchyma. Nonetheless, intravenous administration at the doses used seems to provide high level of tracer retention in the liver parenchyma and hence of transgene expression. This is an excellent feature in case of therapies aimed at turning the liver into a factory that synthesizes a therapeutic product.
On the whole, PET has been shown to provide a reliable estimation of the number of cells attaining transgene expression, and can be used repeatedly to define parameters used to monitor gene therapies that are not available using other non-invasive techniques. 9 Figure 2 Detection and monitoring of TK transgene expression by non-invasive positron emission tomography (PET) in the liver of nonhuman primates (NHP). Captive bred female NHP (Macaca fascicularis, born in Guangxi Grandforest Scientific Primate Company Ltd (Guangxi, China) and purchased from RC Hartelust (Tilburg, The Netherlands). Three-year-old captive bred female NHP weighing 2.3 kg were injected with 1.2 Â 10 12 viral particles of AdCMVHSV1-tk. 8, 10 The vector was diluted in phosphate-buffered saline to a final volume of 30 ml and was then infused via a peripheral vein. We carried out the first imaging study 2 days after injection of the vector, when the expression of the transgene is believed to be maximal according to rodent studies. 22 The animals were fasted overnight before the PET study. On the day of the PET study, anaesthesia was initially induced with ketamine (imalgene 1000, 0.1 mg/kg, intramuscularly) and midazolam (1.84 mg/kg, intramuscularly) to allow the transport of the animals to the PET Laboratory. Anaesthesia during the scan was maintained with ketamine (0.05 mg/kg, intramuscularly) and midazolam (0.92 mg/kg, intramuscularly). Scans were performed in a Mosaic MicroPET (Philips) with 11.9 cm axial and 12.8 cm transaxial field of view (FOV). Scanner performance showed a resolution measured as full-width half-maximum (FWHM) of 2 mm at the centre of the FOV, and a sensitivity of 1.2%. A transmission study was carried out with an external 10 mCi 137Cs source prior to the emission studies. An activity of 75 MBq was injected in the saphenous vein upon beginning of a list mode dynamic study of 120 min. The anaesthetized/immobilized animal was positioned prone in the scanner bed. Two sinograms were sorted for each study, a dynamic sinogram with 25 frames (2 Â 30 00 ; 4 Â 60 00 ; 5 Â 180 00 ; 9 Â 300 00 ; 4 Â 750 00 ) and other including the information from the last 50 min of the scan. All the images, both dynamic and summed, were reconstructed using a three-dimensional RAMLA algorithm. Dead time, decay, attenuation and dispersion corrections were applied during the reconstruction. For image analysis, seven regions of interest (ROI) were drawn on the summed image in different areas of the liver parenchyma. The ROIs were then translated to the dynamic image, obtaining the time-activity curves for each area. Finally, all the curves of each animal were averaged. (a) PET images from a control macaque receiving the tracer and an animal that had received AdCMVHS1-tk intravenously 48 h prior to the study. Specific accumulation of the radioactive tracer [
18 F]FHBG in the liver of treated animal can be observed. Radioactivity was concentrated in the liver parenchyma (lv), likely due to HSV1-tk expression. Radioactivity can be observed in the gall bladder (gb) and in the intestine (i) as a result of physiological clearance of the tracer. All procedures were performed following a protocol previously approved by the Ethical and Biosafety Committee guidelines from the University of Navarra. In panel b, dynamic analyses of tracer retention in the parenchyma from three different individuals are plotted normalized by the intensity in the control macaque. We found that whereas in control animal, the ratio of radioactivity concentration was not modified, in the macaques that received the AdCMVHS1-tk, the ratio increased with time in all of three infected animals. In panel c, the intensity of positron emission in transaxial sections from the right and left liver lobes from three distinct individuals represented individually. Intensity was time course compared in paired samples (right and left panels) from each animal. Data show more intense signal in the right hepatic lobe in every measured time point (Po0.0001 using the Wilcoxon matched pair test).
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